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INTRODUCTION 
Saturation of current transformers due to 
slowly decaying primary current D.C. 
components cause errors in reproduction of 
the current fundamental harmonic. Most of the 
relays are more or less sensitive to the 
errors. If the saturation occures before the 
given relay operated. the operation may be 
delayed up to about 2 time constants of the 
D.C.component. In some, although rare cases, 
transient CT errors may cause unselective 
operation of the relay. 
Whether the current transformer saturates and 
when it occures depend mainly on the accuracy 
limit factor and on the residual flux in the 
transformer core. However bearing in mind the 
very high expected values of short circuit 
currents and the long D.C. time constants one 
may conclude, that the design of CT-s which 
never saturate would end in bulky and 
expensive units. Therefore most of the 
protective CT-s which are in service saturate 
during severe transients. It is a duty of 
protection engineers to design the relays in 
such a way, that the errors caused by the 
saturation neither cause maloperation, nor 
bring about excessive delay. 
SECONDARY CURRENT WAVESHAPES 
The most severe conditions for CT-s during 
transients are the following : 
- purely resistive load, 
- fault inception at the zero crossing of the 
voltage wave, 
- residual flux high and of the same 
polarity as caused by the primary current 
D.C. component. 
Such conditions have been assumed for the 
further considerations. 
In Fig. 1 there is presented the secondary 
current waveshape during saturation of the 
CT. It shows the influence of a coefficient 
Y, which determines the instant of the 
first saturation : 
V 
Y = 1.5 ---k ( 1 - K ) 
1 2 0  
where : Vk - Knee Point Voltage 
Isc- A.C. component of the fault 
current,(secondary), r.m.s. 
Ro - actual secondary circuit resis- 
tance ( load plus winding ) 
Kr - Remanence Factor 
Four alternative instants of the first 
saturation correspond with the value of Y 
being equal to 1, 2, 3 and 4 respectively. 
One may observe, that the value of Y affects 
time of the first saturation ,but has no 
influence upon the secondary current 
waveshape in the following periods. In Fig. 2 
there are shown two waveshapes of secondary 
currents .for Y being equal to 2. 
The waveshapes of secondary currents after 
the first saturation depend mainly on the 
time constant of the saturated transformer 
Ts, which is defined as : 
Ts Lms’ Ro ( 2 )  
where : Lms - magnetizing inductance of the 
fully saturated transformer, 
Ro - total secondary resistance 
(load plus secondary winding). 
According to IEC specification [ 1 I ,  the 
value of T in cases of protective current 
transformeps may vary between 0 . 2  and 3 ms. 
In the Fig. 2a, b the secondary current 
waveshapes result from the lower and the 
upper limit of this range. As one may see, in 
both cases the distortion is substantial. 
However the reproduction of primary currents 
deteriorate with the decrease of Ts . 
OPERATION OF DISTANCE RELAYS 
Studying the operation of distance relays 
during transient saturation of the CT-s, a 
single phase loop has been considered.(Fig.3) 
Besides it has been assumed that : 
- the voltage is reproduced and measured 
accurately, 
- impedance is determined from the voltage 
and current phasors, which in turn are 
calculated by means of the Fourier analysis 
with the full cycle data window, 
- for the sake of simplicity the ratios of 
both, current and voltage transformers are 
1 : l .  
If X represents the unknown equivalent 
mamepizing reactance of the CT ( Fig.3 the 
impedance of the faulted line as measured by 
the relay becomes : 
( 3 )  
where :Xm- linearized magnetizing reactance 
for the fundamental harmonic in 
the given cycle, 
f3 - the angle which results from the 
nonlinearity of the CT. 
Therefore one may write : 
( 4 )  
where : z- actual impedance of the short 
Simulation tests have been performed to 
calculate the value of 2 measured by the 
distance relay during d a w  saturation of 
current transformers. The results are 
presented on the R-X diagram ( Fig.4 1 .  
Trajectories A and A correspond with the 
fault at the’ end 8f the first zone 
( impedance z ) ,  while trajectories B and B 
are for the backward fault through the pur2 
resistance R The trajectories A and A 
were ca 1 cul aFed for the current dans f ormei! 
circuited line. 
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with the time constant T -0.3ms. while 
trajectories A and B fog the CT with 
T -1.5ms. The f8ll D.C. 8ffset of the primary 
czrrent has been assumed. After the first 
saturation of the CT, the measured impedance 
moves in the directions of the arrows, due to 
decay of the D.C. component in the primary 
current. Therefore the speed of change 
depends on the rate of the D.C. decay. 
Studying the graph in Fig. 4 one may 
conclude that if the fault occures at the end 
of the zone ( z 1, reactance is measured with 
the comparatively small error, because the 
drop in the current amplitude is compensated 
by the phase shift introduced by the 
saturated current transformer. However the 
measured resistance is many times higher then 
the real value ( R ) .  In case of a backward 
fault the resistance is reproduced with an 
error which is not too high, particularly if 
the CT time constant Ts is comparatively long 
and amounts to 1.5 ms. But the error shifts 
the vector of impedance to second quadrant. 
Although the error in calculation of 
reactance is somehow less than one might 
expect, the delayed operation of distance 
relays due to CT-s saturation is very likely. 
One of the ways of avoiding it is to apply 
algorithms, which determine the impedance 
only during the intervals, when CT-s are not 
saturated. This means either to complete the 
measurement before the first saturation 
( angle y in Fig. 1 1 ,  or during short 
intervals' in each period, when the 
transformation is accurate ( angle in 
Fig.1). The angle y depends 0:' the 
coefficient Y ( 1 ) .  d e  angle y results 
from the actual ratio of I /I ,whe$e Io 1s a 
mean value of the D.C. comgonint in the given 
cycle of the primary current, while I is the 
amplitude of an A.C. component bf the 
current. One may prove. that it is very 
unlikely for the angles y1 and y 2  to fall 
below some 120 des. 
Therefore it is desirable to develop 
algorithms, which are capable of accurate 
calculating R and X with data windows 
being as short as 1/3 of the period. 
CALCULATION FUNDAMENTAL HARMONIC WITH VERY 
SHORT DATA WINDOWS - - ~  
The most common way of calculating the 
fundamental harmonic is to correlate the 
given signal with the sine and cosine 
functions, taking the full period as a data 
window. This means that one determines what 
are the amplitudes of x ( Fig.5a ) ,  
which ensure the best r&p:::ez$ation of the 
signal. However if the signal is available 
during a fraction of the data window ( like 
in Fig.5a , where it amounts to a half of 
cycle ),the errors are obviously inevitable. 
Therefore this method is useless if the 
secondary current reproduces accurately the 
primary one only during the angle y .  which 
may be much shorter than the cycle. The 
alternative way is to use correlating 
functions which have data windows always 
slightly shorter than the angle y or y . It 
is shown in Fig.5b for y being 180 des? The 
correlating function x is a part of 
f undamenta 1 frequency s ihsoid, which always 
changes polarity in the middle of the data 
window. The function x is a cosinusoid 
shifted downwards to makz its mean value 
equal to 0. Then, shifting the time scale in 
such a way that 0 always corresponds to the 
middle of the window, one determines the 
amplitude of C and C , which represent the 
signal inside the d a d  window by the formula: 
i(T) = C sin o 7 + C2cos W ~ T  + C0 1 1 ( 5 )  
Because x and are mutually orthogonal. 
the coefficientsx?! and C may be calculated 
by the simple fonhulas c22;  3; 5; 1 : 
. y / 2  
where : \ 
The amplitude of the calculated fundamental 
harmonic becomes : 
It is worthwhile to emphasise that 
calculating C and C in this way one 
minimizes the hean squa?e error for this form 
of approximation, so the method is optimal in 
this sense. 
The procedure of calculation is such, that 
the data window begins when the moment of the 
fault is detected. With each sample the 
window increases, until the transformer 
saturates. Calculation of the input signal 
fundamental component starts with the third 
succesive sample and ends at the last sample 
before the CT saturation. Then the 
calculation is suspended and resumed again 
when the CT enters unsaturated region ( y  1 
This procedure continues unti 1 the reTay 
makes the final decision, or the fault is 
cleared by some other relay. 
In the Fig. 6 there are presented results of 
calculation the primary current fundamental 
component if the secondary current waveshape 
is like the one in Fig. 1, for Y = 2 . The 
sampling frequency is 600 Hz, and the first 
sample coincides with initiation of the fault 
current. In the Fig.6a the computed amplitude 
of the current is shown, while in Fig. 6b 
the error in calculation of the phase is 
given. One may see, that the errors of both, 
amplitude and phase calculations are quite 
acceptable, although the secondary current 
wave distortion has been substantial. 
Therefore applying this algorithm one reduces 
the errors in the distance fault location to 
several percent, even in cases of very severe 
saturation of CT-s. Besides, there is every 
chance, that the fault inside the protected 
zone will be located after the first 4 
samples,what reduces the relay operating time 
to 5 - 7 ms. 
Numerical computations are much simplified. 
if the correlating functions x and x 
somehow deviate from the ideal shape. Thii 
may be achieved in such a way, that the 
samples of the functions assume the values 
which are : +/- 1, t/- 0.5 and 0. Again for 
the sampling frequency being 600 Hz the 
algorithms for calculation the C and C2 in 
the third and fourth samples becsme : 
C1 (3) = li (n)-i (n-2) 1 
C (3) = 7.46 [-0.5i(n)+i(n-1)-0.5i(n-2)1 
C (4) = 0.6 [i(n)+0.5i(n-1)-0.5i(n-2)-i(n-3)1 
C (4) = 1.93 [-i(n)+i(n-l)+i(n-2)-i(n-3)1 
There are also ways to simplify numerically 
computation of the expression ( 8 )  I 4 1 .  
Voltage phasors may be determined in the same 
or in a similar way. 
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CONCLUSIONS 
Saturation of current transformers may 
introduce errors in operation of distance 
relays. If impedance measuring algorithms are 
based on the current and voltage phasors 
determined by the Fourier algorithm with the 
full cycle data window, the errors in 
calculating reactance are not very great even 
if saturation of the transformer is very 
severe. However transient distortion of the 
secondary current waveshape makes large 
errors in calculation of resistances. 
To avoid the errors one ought to calculate 
the current phasors only in the intervals, 
when the CT is unsaturated.This exists before 
the first saturation, and afterwards repeats 
in each cycle. Duration of each non-saturated 
interval is almost always longer than 1/3 of 
the cycle. The proposed algorithm enables to 
calculate phasors of the current, utilizing 
algorithms with variable data window. The 
first results are obtained after the third 
sample of the fault current, so the 
calculation may be completed before the 
current transformer saturates. Then, the 
algorithm is repeated in each cycle, during 
intervals of non-saturation. The errors in 
calculation the amplitude of the primary 
current fundamental component is less then 
10 %,while the phase angle error is smaller 
than 4 des.. even if the current transformer 
is very severely saturated. Therefore the 
method minimizes errors due to CT saturation 
and enables very fast location of the fault, 
with the delay close to 1/4 of the cycle. 
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Figure 1 Secondary current waveshape for 
various Y.: Ts = 0.5 ms 
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a.Ts= 0.2 ms : b.Ts= 3 ms 
Figure 3 Short circuit loop 
/--------- A1 
4 'I RF R 
Figure 4 Impedance measured by distance relay 
during CT saturation 
a. b. 
Figure 5 Correlation of input signal 
a. Data window equal to 360 des. 
b. Data window variable 
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Figure 6 Results of calculation 
a. Amplitude of the D.C. component 
b. Error in phase angle 
